T he number of hectares planted in corn in the Mississippi Delta has steadily increased over the past decade. Corn is largely planted in coarse-textured, high-pH, low-organic-matter alluvial soils that historically had been planted in continuous cotton (Gossypium hirsutum L.). Th ese soils are also generally low in certain micronutrients, including Zn, and multiple soils across Mississippi and the midsouthern United States have been identifi ed as having low soil test Zn (Slaton et al., 2002; Wang et al., 2004) . Corn planted on these coarse-textured soils oft en exhibits Zn defi ciency, and multiple corn crops are positively identifi ed as Zn defi cient through soil and plant tissue testing annually in Mississippi (Golden, 2012) .
Zinc defi ciency in corn generally occurs early in the growing season and is characterized by interveinal chlorosis and/ or white mid-leaf streaking (Halim et al., 1968; Th orne, 1957) . Broadcast and banded Zn applications have been shown to increase corn yield on coarse-textured soils (Bugbee and Frink, 1995; Schnappinger et al., 1969) or where soil Zn levels were known to be low (Potarzycki and Grzebisz, 2009) , although other studies have failed to show yield increases from banded or broadcast Zn fertilizers (Rehm et al., 1981) . Current Mississippi State University Extension recommendations for corn suggest soil-applied Zn application between 1.12 to and 4.48 kg Zn ha −1 , depending on initial soil Zn levels, soil cation exchange capacity, and soil pH (Oldham, 2011) . However, corn producers in the Mississippi Delta are reluctant to use soil-applied Zn due to product and application costs and uncertainty of economic return. Producers are generally more interested in applying Zn as a foliar spray if Zn defi ciency symptoms are observed in the corn crop.
Corn producers in Mississippi that have applied foliar Zn products have reported foliar injury symptoms appearing shortly aft er foliar-Zn application. Reported injury symptoms included gray/brown leaf fl ecking and localized tissue chlorosis and necrosis on emerged leaves aft er application and mild interveinal chlorosis (Fig. 1) . Th ere have been limited descriptions of injury resulting from foliar Zn application on corn. Drissi et al. (2015) observed brown areas on corn leaves 1 d aft er foliar Zn application that only aff ected emerged leaves at the time of application, which is generally similar to symptoms reported by Mississippi corn producers. Corn producers have also reported varying levels of foliar injury associated with diff erent foliar Zn formulations.
A major concern of corn producers is whether the foliar injury resulting from foliar Zn application affects corn grain yield. However, to our knowledge no previous peer-reviewed studies have explicitly evaluated the effects of foliar Zn injury on corn grain yield. Furthermore, limited information exists regarding the ability of different Zn sources to increase the level of Zn in the corn plant and on the appropriate application rates for various Zn products used to correct Zn deficiencies. Therefore, the primary objectives of this study were to determine the level of corn injury caused by multiple foliar Zn sources and if injury caused by foliar Zn application affected corn grain yield. An additional objective of this study was to quantify changes in tissue Zn content of corn treated with various foliar Zn sources at multiple rates. Because the primary objective of this study was to determine if injury from foliar Zn application affected yield, experimental sites were chosen that had sufficient levels of Zn to support a high-yielding corn crop (>13 Mg ha −1 ) and that were unlikely to respond to foliar Zn application. To address producers' concerns, we explicitly wanted to determine if foliar Zn injury arising from Zn applications affected corn grain yield. Therefore, we chose Zn-sufficient locations to avoid the confounding effect of increasing grain yield by correcting Zn deficiency that would have been problematic on Zn-deficient soils. All other nutrients were at levels considered sufficient for high-yielding corn in Mississippi (Table 1) . Corn was planted on raised rows spaced 1.0 m apart at a seeding rate of 84,000 kernels ha −1 . Planting dates ranged from 8 to 26 March, depending on study location and year (Table 1) . Furrow irrigation was applied as needed to maintain soil moisture levels sufficient for maximum corn growth, and plots were maintained weed-free throughout the duration of the growing season.
materials and methods
Studies were established in a randomized complete block design with four replications in each site-year. Plots were four 1.0-m rows wide (4 m) and 12.2 m long (total area, 48.8 m 2 ). Treatments consisted of three Zn sources that are labeled for foliar application on corn. Zinc sources were ethylenediaminetetraacetic acid (EDTA)-chelated Zn (Zn-EDTA) (9.0% formulation; Brandt Consolidated Inc., Springfield, IL), citric acid-chelated Zn (Zn-citrate) (10.0% formulation; Helena Chemical Co., Collierville, TN), and Zn sulfate (ZnSO 4 ) (10.0% formulation; DeltAg Formulations, Greenville, MS) and a nontreated control. Foliar Zn treatments were applied with a tractor-mounted sprayer calibrated to deliver a spray volume of 140 L ha −1 at a ground speed of 5.6 km h −1 . Applications were made between the V4 and V5 growth stages in all site-years (Ritchie et al., 1993) .
Foliar injury was evaluated 3, 6, and 9 d after foliar Zn application. The leaf area affected by gray/brown flecking and localized chlorosis and necrosis was visually estimated as a percentage of the total visible leaf area by the same researcher in all site-years to ensure consistent injury ratings. Two weeks after Zn application, 10 random plants were collected from the outside rows of each plot. The plant samples were washed with deionized water and dried to a constant weight in a forceddraft oven at 60°C. After drying, the samples were ground to pass a 1-mm sieve. A subsample was taken and digested with concentrated HNO 3 and 30% H 2 O 2 (Jones and Case, 1990) , and Zn content was determined by inductively coupled plasma atomic emission spectroscopy. The two middle rows (2.0 m) of each plot were harvested with a Kincaid 8-XP plot combine (Kincaid Equipment Manufacturing, Haven, KS), and the yield and moisture were recorded with a HarvestMaster System (Juniper Systems, Logan, UT). Grain yields were adjusted to 150 g kg −1 moisture content.
Statistical analyses were performed with SAS version 9.3 using PROC MIXED (SAS Institute, Cary, NC). Zinc source, Zn rate, and the Zn source × Zn rate interaction were considered fixed effects. The Bartlett test (P ≤ 0.01) indicated that variances were homogeneous across sites and years; therefore, the site-years were combined for analysis, with site-year classified as a random effect. Evaluations of site-year as a random effect allow for inference over a range of environments and have been used extensively by other researchers (Carmer et al., 1989) . Degrees of freedom were calculated using the KenwardRogers method (Littell et al., 2006) . For tissue concentration and grain yield, significance was assessed at P ≤ 0.05, and means were separated using Fisher's protected LSD. Injury data were analyzed as a repeated measures ANOVA using PROC GLM in SAS version 9.3 (SAS Institute). Zinc source, Zn rate, and Zn source × Zn rate interaction were considered fixed effects; site year and site-year and replication (site-year) were considered random effects.
results and discussion
Visual corn injury exhibited a Zn source × Zn rate interaction 3, 6, and 9 days after treatment (DAT) ( Table 2) . Although the interaction was significant, the majority of Zn source × Zn rate combinations resulted in in increasing injury between 3 and 6 DAT and relatively constant injury between 6 and 9 DAT (Fig. 2) . At 3 DAT, Zn-EDTA resulted in similar levels of injury across all application rates. At 6 DAT, the 0.56 and 1.12 kg Zn ha −1 rates of Zn-EDTA resulted in similar levels of injury, whereas the 2.24 kg Zn ha −1 rate resulted in higher levels of injury (2 and 3 vs. 6% injury, respectively). Similar results were observed at 9 DAT, with the 2.24 kg Zn ha −1 Zn-EDTA rate resulting in greater injury (8%) than the 1.12 kg Zn ha −1 (3%) and 0.56 kg Zn ha −1 (2%) rates. Much like Zn-EDTA, visual corn injury from ZnSO 4 was similar across rates at 3 DAT, but separation between rates was observed at 6 and 9 DAT. The 0.56 kg Zn ha −1 rate resulted in the least injury (3%), and 2.24 kg Zn ha −1 resulted in the greatest injury (11%), with the 1.12 kg Zn ha −1 rate (8%) being intermediate between the low and high rates. The same trend was observed for ZnSO 4 9 DAT. Of the three Zn sources, Zn-citrate application resulted in the greatest levels of corn injury. Injury levels at 3, 6, and 9 DAT for the 0.56 kg Zn ha −1 rate of Zn-citrate were similar to the levels of injury observed with the 2.24 kg Zn ha −1 rate of ZnSO 4 and greater than the 2.24 kg Zn ha −1 rate of Zn-EDTA. Similar to the other Zn sources, the level of injury caused by Zn-citrate varied by application rate. At 9 DAT, the 0.56 kg Zn ha −1 rate of Zn-citrate resulted in 13% injury, whereas the 1.12 kg Zn ha −1 resulted in 30% injury and the 2.24 kg ha −1 rate resulted in 37% injury. Little information is available regarding foliar Zn injury; however, these results are similar to those of Drissi et al. (2015) , who observed increasing corn leaf injury with increasing rates of ZnSO 4 applied at the five-to six-leaf stage.
Despite differences in injury, Zn source and Zn rate did not affect grain yield (Table 3) . Limited data have been reported regarding the effect of foliar Zn injury on corn yield. Drissi et al. (2015) observed stunting and decreased corn silage yield at foliar Zn spray concentrations above 0.625 kg Zn ha −1 applied as ZnSO 4 . However, the differences in hybrids, environmental conditions, and production practices likely limit meaningful comparison between these studies. Although limited information is available regarding the effects of foliar Zn injury on corn grain yield, some information exists about the effect of other foliar fertilizers on corn grain yield. Touchton and Boswell (1975) evaluated corn response to foliar-applied boron. The Fig. 2 . Percent injury for the Zn rate × Zn source interaction at 3, 6, and 9 d after treatment. EDTA, ethylenediaminetetraacetic acid. researchers observed visible injury symptoms with the two largest application rates (2.24 and 3.36 kg B ha −1 ) of foliar boron but no difference in grain yield between injured and nontreated corn.
Other types of foliar injury to early-vegetative (V1-V7) developmental stages have been shown to have no impact on final grain yield. Curran et al. (1991) reported that clomazone, chlorimuron, and imazaquin applied to V3 corn caused significant injury (up to 39% chlorosis) but did not affect corn yield. Similarly, Johnson et al. (2002) observed foliar injury from the herbicide mesotrione applied to V3 to V5 corn but did not observe any yield differences between herbicide-treated and nontreated corn. Corn appears to be tolerant to injury during early-vegetative growth, indicating that the lack of grain yield response to foliar Zn injury is not unusual.
Similar to the injury data, tissue Zn content 2 wk after application also exhibited a Zn source × Zn rate interaction ( Table 2 ). The nontreated control had a tissue Zn concentration of 48.8 mg Zn kg −1 , which is considered to be sufficient for optimal corn growth (20-60 mg Zn kg −1 ) (Mills and Jones, 1996; Rehm et al., 1983) , indicating that all study sites were Zn sufficient. All three application rates of ZnSO 4 resulted in similar tissue Zn concentration 2 wk after application (Table 3 ). The 1.12 and 2.24 kg Zn ha −1 rates of ZnSO 4 increased tissue Zn concentration above nontreated corn (106.7 and 110.5 vs. 48.8 mg Zn kg −1 ); however, the 0.56 kg Zn ha −1 had similar tissue Zn concentration as the nontreated corn. The 2.24 kg ha −1 rate of Zn-EDTA increased tissue Zn concentration compared with the 1.12 and 0.56 kg Zn ha −1 rates (104.1 vs. 68.1 and 48.3 mg kg −1 , respectively). However, only the 2.24 kg Zn ha −1 of Zn-EDTA increased corn tissue Zn concentration compared with the nontreated control (104.1 vs. 48.8 mg Zn kg −1 ). Similarly, the 2.24 kg ha −1 rate of Zn-citrate increased tissue Zn concentration compared with the 1.12 rate and 0.56 kg Zn ha −1 rates (152.4 vs. 104.6 and 80.7 mg kg −1 , respectively). However, both the 1.12 and 2.24 kg Zn ha −1 rates of Zn-citrate increased tissue Zn concentration compared with the nontreated control (106.6 and 152.4 vs. 48 .8 mg Zn kg −1 ). The Zn-citrate at 2.24 kg Zn ha −1 resulted in greater tissue Zn concentration than all other Zn source × Zn rate combinations. The 2.24 kg Zn ha −1 rates of ZnSO 4 and Zn-EDTA resulted in similar tissue Zn content 2 wk after treatment. However, the 0.56 kg Zn ha −1 rate of Zn-EDTA resulted in 40% less tissue Zn than the 0.56 kg ha −1 rate of ZnSO 4 , and the 1.12 kg Zn ha −1 rate of Zn-EDTA resulted in 38% less tissue Zn than ZnSO 4 at the same rate. Few studies have reported changes in corn tissue Zn concentration in relation to Zn source applied. Keefer et al. (1972) reported that soil-applied Zn-EDTA generally resulted in greater plant tissue Zn content than soil-applied ZnSO 4 when applied at the same rate; however, the effect varied by soil texture and Zn application timing. Brown and Krantz (1966) also suggested that Zn-EDTA resulted in greater corn tissue concentration than ZnSO 4 when grown on calcareous soils (pH 8.1). However, differences in production practices and Zn application method as well as hybrid differences likely limit comparisons between these earlier studies and the current research. conclusion Corn foliar injury was observed for all three foliar Zn sources evaluated in this study. Across all foliar Zn sources, corn injury increased with increasing application rate. In general, Zn-citrate resulted in the greatest foliar injury, followed by ZnSO 4 with the least injury observed with Zn-EDTA. Despite differences among Zn sources and rates, no differences in grain yield were observed in this study. These studies were established on soils that were Zn sufficient to explicitly determine the effect of injury from foliar Zn application on grain yield. Although the corn at the study sites was Zn sufficient, Zn sources showed varying ability to increase tissue Zn concentrations above the level of the nontreated control. Evaluation of Zn sources and rates on Zn-deficient corn will need to be conducted to develop proper recommendations for Mississippi corn producers. However, the results of this research indicate that injury from foliar Zn application does not affect grain yield, indicating that Zn sources can be evaluated for efficacy regardless of potential foliar injury differences that exist between Zn product sources. 
